This paper presents an investigation on the corrosion behavior of five solders by means of polarization and electrochemical impedance spectroscopy (EIS) measurements. The Sn-9Zn and Sn-8Zn-3Bi solder, in comparison with the Sn-3.5Ag-0.5Cu and Sn-3.5Ag-0.5Cu-9In solder, were tested in 3.5 wt% NaCl solution and 0.1 wt% adipic acid solution, respectively. The Sn-37Pb solder was for reference in this work. The polarization curves indicated that the Sn-9Zn and Sn-8Zn-3Bi solder showed the worst corrosion resistance both in the salt and acid solutions, in terms of corrosion-current density, corrosion potential, linear polarization resistance, and passivation-current density. Meanwhile, the Sn-3.5Ag-0.5Cu solder remained the best corrosion characteristics in both solutions. It was found that due to microstructure alteration, Bi additive to the Sn-9Zn solder improved the corrosion behavior in the salt solution, whereas decreased that in the acid solution. However, the additive of In degraded the Sn-3.5Ag-0.5Cu solder in both solutions. The EIS results agreed well with the noble sequence of the five solders subjected to the two solutions with polarization. The equivalent circuits were also determined. Nevertheless, the four Pb-free solders exhibited acceptable corrosion properties since there was not much difference of key corrosion parameters between them and the Sn-37Pb solder.
I. INTRODUCTION
Due to recent legislative and market driving forces around the world, the use of traditional Pb-containing solders in the electronic industry are either severely restricted or completely prohibited. 1 Many Sn-based alloy series have been developed as candidates of Pb-free solders. The Sn-9Zn and Sn-8Zn-3Bi solder, with combination of low cost and mechanical attributes, are possible replacements of the Sn-37Pb solder without markedly increasing conventional soldering temperature. 2 Although this Sn-Zn system may be an industrial choice, especially in Asia, it gives rise to reliability concerns of poor wetting, oxidation and corrosion behaviors because the element Zn is believed to be quite active. So far a lot of work has been performed on the former two properties, with relatively little effort on their corrosion behaviors. [3] [4] [5] However, they are susceptible to corrosion should they have long-time contact with corrosive vehicles such as salt or acid matter combined with moisture. For the corrosion researches on Pb-free solders, Mori et al. found that the presence of Bi in Sn-Bi solders slightly increased the preferential dissolution of Sn in H 2 SO 4 solution and dramatically accelerated the dissolution in HNO 3 solution, compared with that of pure tin. 6 Oulfajrite et al. claimed that increase of Ag content in Sn-Ag-In solders increased the corrosion resistance in 3 wt% NaCl solution, whereas the In content did not strongly affect the corrosion parameters of the alloy. 7 Lin et al. observed passivation behaviors of Sn-Zn-Al and Sn-Zn-Al-In solders in 3.5 wt% NaCl solution, depending on the composition of the solders and the potentials applied. They identified the variation of corrosion products with applied potential and time, such as ZnO, SnO, SnO 2 , Sn 3 O, SnCl 4 , and ZnCl 2 . 8, 9 The potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) techniques are commonly used to quantify the corrosion behaviors of materials. These two methods are briefly described as follows. [10] [11] [12] Generally, when the electric current is applied to an electrochemical cell, the electrode reaction becomes irreversible and the electrode potential departs from the equilibrium, which is the so-called polarization.
Polarization method means changing the potential of the working electrode and monitoring the current, which is produced as a function of potential. Figure 1 (a) illustrates a typical hypothetical polarization diagram in acid solution for a passivable system with active, passive, and transpassive zones. AB and BF denote cathodic and anodic activation process respectively. AC and DC, corresponding to hydrogen evolution reduction (2H + + e ‫ס‬ H 2 ) and metal dissolution oxidation (M ‫ס‬ M + e), are tangent lines of Tafel linear regions located at 50 mV more or less noble than the corrosion potential E corr . The intersection point C of Tafel lines determines the corrosion-current density I corr , which represents the corrosion rate of the system. If the valency of the metallic ion is known, the I corr value in A/cm 2 can be converted into the corrosion rate in mm/year by Faraday's law. At potentials more positive than E corr , the corrosion rate keeps increasing to reach a maximum at point F, wherein critical current density and passive potential are defined by symbol of I c and E p , respectively. At transition region of FG, a sudden drop in current density occurs due to the formation of complex oxides, usually hydrated, on the sample surface. Therefore, at passive stage of GH, the passive current density I p is maintained relatively steadily at low level until at point H, breakdown of the passivation begins. Then the curve runs into transpassive region, HJ, and the current density begins to rise as more and more pits propagate.
EIS is usually measured by applying an AC potential to an electrochemical cell and measuring the response current through the cell. The impedance is expressed as complex number Z() = Z 0 (cos + jsin). If the real part is plotted on the Z axis and the imaginary part on the Y axis of a chart, a Nyquist plot can be obtained like that in Fig. 1(b) , with high frequencies on the left and low frequency on the right.
The goal of the present work was to study the electrochemical corrosion behavior of the Sn-9Zn and Sn-8Zn-3Bi solder in two solutions. A NaCl solution was used to simulate the sea water condition, which the electronic assemblies may encounter during marine operation. An adipic acid solution was of interest because organic carboxylic acids are aggressive chemicals usually used as activators in solder paste for popular no-clean surface mount processes, and will remain in the residues to accelerate corrosion when combining with moisture.
II. EXPERIMENTAL PROCEDURE
Commercially available Sn-9Zn, Sn-8Zn-3Bi solder bars were melted at 250°C and chill-cast in a steel mold to form cylindrical ingots with diameter of 5 mm. The ingots were then molded in resin while a blind hole with a diameter of 5 mm was drilled from the cylindrical curved surface of the resin for electrode connection to contact the ingot. After the samples were polished and dried, they were connected by electrodes and immersed in the 3.5 wt% NaCl solution and 0.1 wt% adipic acid solution to carry out polarization and EIS measurements using a standard three-electrode cell on a Versa-Stat-II Corrosion Machine (Ametek, TN). A saturated calomel electrode (SCE) and platinum were used as reference electrode and auxiliary electrode, respectively. The working electrode was the target solder. The exposure area of the solders to the solution was calculated (r 2 ) to be 0.19 cm 2 . The polarization curves were performed with a scanning rate of 1 mv/s. The EIS measurement were done at the corrosion potential in a frequency range from 0.1 MHz down to 0.01 Hz with sinusoidal voltage signal perturbation amplitude of ±10 mV. The Sn-3.5Ag-0.5Cu and Sn-3.5Ag-0.5Cu-9In solder were also studied for comparison and Sn-37Pb was for reference. After the polarization experiments, the sample surfaces were characterized by scanning electron microscopy (SEM) with energy dispersive x-ray (EDX) analysis. solution. The Sn-9Zn and Sn-8Zn-3Bi solder indicate similar profiles, which exhibit two passivity platforms at anodic regions. One happens at the stage before the current density achieves I c . Between about −850 mV and −400 mV, the current density of both solders do not change very much along the increase of potential. However, the current density of the Sn-8Zn-3Bi is about two orders of magnitude larger than that of the Sn-9Zn. The main peaks of the Sn-9Zn and Sn-8Zn-3Bi solder are identified at −940 and −1291 mV, corresponding to the turning points for the cathodic and anodic activation zone. Both solders have additional negative peaks, at about −1216 and −1079 mV for the Sn-9Zn and Sn8Zn-3Bi, respectively, which indicates that a quick formation and breakdown of pre-passive film occurred around the potentials. Yu et al. suggested the reaction products of these cases to be complex hydrated chlorides such as Sn 3 O(OH) 2 Cl 2 and Zn 5 (OH) 6 Cl 2 H 2 O. 13 The other passivity platform happens at the stage after I c . The current density decreases and then maintains at nearly a stable level due to the formation of protective film on the metallic surface. The protective film blocks further extensive reaction between the base metal and corrosive media. At this region, the anodic dissolution rate is very small because of the small I p . This region is quite wide as compared to the previous one and the transpassive region does not appear even after the potential increases by about 1500 mV.
III. RESULTS AND DISCUSSION
The other three solders show similar modes, including cathodic oxygen reduction zone, active anodic metal dissolution zone, and passive zone. However, they possess better corrosion properties than the two Zn-containing solders in terms of smaller I corr and noble E corr determined by Tafel extrapolation method. The linear polarization resistance R p is calculated by the following equation
where ␤ a and ␤ c is anodic and cathodic Tafel slope, respectively. High ␤ a and large R p value are related to low corrosion rates and vice versa. the Sn-9Zn and Sn-8Zn-3Bi solder in Fig. 2(b) , as indicated by relatively stable current density in the potential range of about −692 mV to −238 mV. No prominent passivity phenomena are observed for the other three solders, where the current density keeps increasing monotonously as the potential increases. The Sn-9Zn and Sn-3.5Ag-0.5Cu solder have additional peaks as the Sn8Zn-3Bi does in the salt solution, which reflects unstable corrosion. In this case, the Zn-containing solders still have the most active E corr . However, the Sn-37Pb and Sn-8Zn-3Bi solder have larger I corr than the other three solders.
The ␤ a , ␤ c , E corr , I corr , R p , I c , I p , and E p , of the five solders in both solutions are listed in Tables I and II . It can be noted that all the five solders have good resistance to electrochemical corrosion in both solutions in this study. This result does not agree with the general speculation or statement that the Zn-based solders are prone to corrosion. It is still acceptable when compared to the Sn-37Pb since there is no very much difference in I corr and I p between them. However, the Sn-3.5Ag-0.5Cu solder shows relatively the best corrosion resistance, while the Sn-9Zn solder shows the worst in salt solution. It is true for the Sn-3.5Ag-0.5Cu and Sn-8Zn-3Bi solder in the acid solution.
Although Bi and In alloying element are used to lower the melting temperature and improve the wettability of the solders, it seems that Bi addition to the Sn-9Zn solder increases a little bit of corrosion resistance in the salt solution and decreases it in the acid solution. However, the addition of In to the Sn-3.5Ag-0.5Cu solder degrades the corrosion resistance in both solutions. The degradation is partially because of microstructure change induced by alloying. Figures 5, 6 , 7, 8, and 9 show the SEM pictures of original microstructures, surface profiles of the five solders after polarization in the salt and acid solutions. The original microstructure of Sn-9Zn solder is characterized by large ␤-Sn phase grains with fine eutectic phase grains as depicted in Fig. 5(a) . The eutectic phase contains a body centered tetragonal Sn matrix and a secondary phase of hexagonal Zn. 2 However, Bi addition changes the microstructure quite a lot that long and larger dendritic Zn-rich phases are formed throughout the whole ␤-Sn matrix. Bi-rich phases precipitate near some Zn-rich phases, as shown in Fig. 6(a) . For the salt solution case, the microstructure alteration promotes higher over-potential for the oxygen reduction or hydrogen evolution reaction, which shifts the corrosion potential of the alloy towards more negative values. However, it suppresses slightly the overall metal dissolution rate, reflected by larger anodic Tafel slope of the Sn-8Zn-3Bi solder, 97.4 mV dec −1 , when compared with 70.3 mV dec −1 of the Sn-9Zn solder. The EDX analysis identifies surface enrichment of Bi in Fig. 6(b) . It is proposed that the Bi-O bond is more resistant to Cl −1 ion attack than Zn-OH bond to explain the decrease of I corr. However in the acid solution, the segregation of Zn and Bi-rich phases facilitates the de-zincing dissolution process, as implied in Fig. 6(c) , that it is preferentially dissolved and leads to worse corrosion resistance. On the other hand, in phase precipitates mainly at the grain boundaries in the Sn-3.5Ag-0.5Cu solder, while In addition causes Agrich phase to distribute randomly as clusters. It is assumed that strong interaction of In with OH − , Cl − , and H + leads to increase of anodic dissolution. It is also suggested that the presence of In assures an accumulation of adsorbed Cl − on the sample surface which maintain in an active state of the metal matrix (Sn). 15 That is why the Sn-3.5Ag-0.5Cu-9In solders are severely corroded in both solutions when comparing Figs. 7(b) and 7(c) with Figs. 8(b) and 8(c) . Moreover, because of element depletion caused by precipitating, some corrosion induced inter-granular cracks and pitting holes are also visible for this solder. In Fig. 9(a) , Pb-rich phases in white and Sn-rich phase in black coexist evenly. They corrode nearly evenly in the acid solution, whereas the Sn-rich phase is etched selectively in the salt solution, as indicated in Figs. 9(b) and 9(c), respectively.
The EIS results of the five solders in both solutions in this work are illustrated with Nyquist plots as shown in Figs. 10, 11, and 12. In the salt solution, both Sn-9Zn and Sn-8Zn-3Bi solders show near semicircle arc at high frequency zone and diagonal straight line at low frequency zone, which is corresponded to electrochemical reaction capacitive reactance and diffusion-induced Warburg-like impedance. However, in the acid solution, only electrochemical reaction reactance is noted as near semicircle arc indicating that activation controlled reaction dominates the process. A rather different response is noticed for the Sn-3.5Ag-0.5Cu and Sn-3.5Ag-0.5Cu-9In solder, which give nearly looped circles in salt solution. A capacitive reactance arc locates at the first quadrant and an inductance arc appears at the fourth quadrant, as shown in Fig. 11(a) . This is possibly ascribed to intermediate products with [Sn(OH) 4 ] 2− or [In(OH) 4 ] − species by complicated reactions. In the acid solution, the Sn-3.5Ag-0.5Cu solder shows a nearly straight diagonal line throughout the whole frequency region. However, the Sn-3.5Ag-0.5Cu-9In solder presents straight line at high frequency while a less noticeable half circle trend at low frequency, which is supposed to be simultaneously controlled by activation and diffusion. The Sn-37Pb solder combines high frequency straight line with low frequency half circle in salt solution, while only near straight line in acid solution. The electrochemical response to impedance tests for the five solders was determined with the equivalent circuit in Fig. 13 according to Table III . It is found that the Sn-9Zn solder has the smallest impedance value and the Sn-3.5Ag-0.5Cu solder the largest value in salt solution, which represents the worst and best corrosion resistance. Again, the Sn-8Zn-3Bi solder becomes the worst, while the Sn-3.5Ag-0.5Cu solder still remains the best in acid solution. This result is similar to the information obtained by electrochemical polarization mentioned above.
IV. CONCLUSIONS
The corrosion behaviors of five solders were studied in the salt and acid solutions by means of polarization and EIS measurements. The preliminary results show that the Sn-3.5Ag-0.5Cu solder has the best corrosion resistivity in both solutions due to high content of noble or immune elements (Ag and Cu) and theorized stable structure, whereas the Sn-9Zn and Sn-8Zn-3Bi solder have the worst corrosion behavior both in salt and acid solutions. It is suggested that due to microstructure alteration, the addition of Bi to the Sn-9Zn solder improves the corrosion behavior in salt solution, whereas decreases that in acid solution. However, In addition degrades the Sn-3.5Ag-0.5Cu solder in both solutions. Nevertheless, the four Pb-free solders exhibits acceptable corrosion properties since there is not much difference in key corrosion parameters among them and the Sn-37Pb solder. Further work is needed to identify the corrosion products for the analysis of corrosion mechanism. 
